I. Introduction
Vortex shedding from an object immersed in a flowing fluid is an important and interesting topic and has been extensively studied experimentally, analytically and computationally (Sarpkaya 1979; Griffin 1982; Bearman 1989; Parkinson 1989; Williamson 2004 ). Most of the work has focused on vortex shedding from a rigid body. For instance, vortex shedding from a circular cylinder (tube) was studied by Abarbane et al. (1991) , Nitsche & Krasny (1994) , and Wang & Zhou (2004) ; from a sphere was studied by Lee (2000) ; from an (inclined) flat plate was studied by Sarpkaya (1975) and Krasny (1990) . Recently, Zhu & Peskin (2002 ,2003 that when the inflow speed was sufficiently high, the flow became unsteady. Vortex shedding from the fiber became evident, the fiber vibrated and the drag-coefficient versus time (C d − t) curve oscillated.
Our current work investigates the influence of some dimensionless flow parameters on the vortex shedding. In our work, the flowing soap film was modelled by a 2D viscous incompressible laminar channel flow, and the flexible fiber was simulated by a one-dimensional linear elastic curve. The fiber was assumed to be totally immersed and neutrally buoyant in the flowing fluid. The mathematical formulation and numerical method were based on the FFT version of the IB method (Peskin 1996 
II. Governing Equations
Using standard notation (u for velocity, ρ for mass density, p for pressure, x for Eulerian spatial coordinates, t for time, and α for the Lagrangian coordinate that was chosen as the fiber arc-length at the initial configuration and was frozen throughout a simulation), the equations governing the motion of both the fluid and the fiber (neutrally buoyant) in dimensionless form read as follows (the IB formulation):
Du(x, t) Dt + ∇p(x, t) = 1 Re ∆u(x, t) + f (x, t) − F r −1 u(x, t) − g
∇ · u(x, t) = 0 (2)
Here
is the material derivative, the vector g = (0, F r −1 ) T and F r is the Froude number. Re is the Reynolds number, e is the fiber elastic potential energy density, and e s and e b are fiber elastic energy density associated with compression/stretching and bending, respectively.K s is the dimensionless stretching/compression coefficient,K b is the dimensionless flexure modulus, and L is the fiber total length. See Table 2 for definitions of these non-dimensional quantities and their values used in the simulations.
Eqs. (1) (2) are the incompressible viscous Navier-Stokes equations governing the motions of both the fluid and the fiber. The term −F r −1 u is the air resistance where the coefficient happens to be the reciprocal of Froude number. (The dimensional air resistance coefficient, λ, was determined by the equation λ|V 0 | = ρ 0 g. Here V 0 is the inflow speed, ρ 0 is the fluid mass density 1 , and g is the gravitational acceleration constant. If ρ 0 , V 0 and L are chosen as reference quantities to nondimensionalize the IB formulation, the air resistance term −λu becomes −g * u * , where the quantities with a " * " denote their corresponding dimensionless equivalent. It turns out that the g * equals to F r −1 in our case.) Eqn. (7) updates the position and shape of the fiber. The fiber velocity U(α, t) is interpolated by Eqn. (8) from the velocity of the fluid. From the fiber configuration X(α, t) the elastic potential energy density (e) is calculated via Eqs. (5-6) and the Lagrangian force density F(α, t) is computed through Eqn. (4) . The immersed boundary force f (x, t) on the right hand side of Eqn. (1) is reckoned using Eqn. (3). Eqs (1-8) constitute a nonlinear system of integral-differential equations which depicts the motions of the viscous fluid and the elastic fiber. The system is completed by imposing proper initial and boundary conditions. The initial velocity was the steady solution to the 2D stationary channel flow under the action of gravity and air resistance in the absence of the fiber. See Fig. 1 for a typical initial velocity profile. The initial velocity profile was imposed on the inlet and outlet. The velocity was zero on the two side boundaries.
The fiber middle point (X(s c , t), where s c is the Lagrangian coordinate for the middle point) was tethered at a fixed Eulerian point (x 0 , y 0 ) by a virtual spring with the same stiffness as the inextensible fiber itself. It was found that X(s c , t) was almost constant in all simulations.
III. Simulation Results
The above nonlinear system of integral-differential equations was discretized on a non- 1 The difference between ρ and ρ 0 is as follow: ρ is the mass density of the fluid-fiber system, ρ 0 is the mass density of the fluid. For a neutrally buoyant immersed structure as in our case, ρ = ρ 0 . staggered uniform fixed Eulerian grid. The backward Euler method was used for time derivatives and the center differencing was used for spatial derivatives (both gradient and divergence operators). The skew-symmetrical scheme was used for the convection term and the nonlinearity therein was removed by using the velocity at the previous time step. The immersed boundary force f was treated explicitly. The resultant linear algebraic system with constant coefficients was solved by the Discrete Fast Fourier Transform (DFFT). The dimensionless time-step size was t = 10 −4 . The spatial grid size was 256 × 512. See Peskin (1996) and Zhu (2001) for the details of discretization and how the algebraic system was solved by the DFFT.
The parameters (dimensional) used in our simulations are tabulated in Table 1 . Some parameters remained fixed throughout all the simulations reported here, and their values (as in Table 1 ) will not be stated again for each simulation reported below. These included fluid density (ρ 0 ), gravitational acceleration constant (g), compression/stretching coefficient K s , and height (H) of the computational domain.
In our simulations we used the values of all the dimensional parameters in the laboratory experiment except the fluid viscosity and the channel width. The viscosity is approximately 100 times greater than in the experiment which causes the Reynolds numbers in our simulations to be smaller by approximately two orders of magnitude. The channel width was fixed to be 9 cm in the experiment. In the simulations to investigate the influence of dimensionless fiber length, the channel width was varied from 9 cm to 2 cm. (Note that varying the fiber length causes changes not only inL, but also in Re andK b . See table 2.) For all other simulations in this paper, the channel width was fixed to be 9 cm (the experimental value). The values of all the other dimensional and dimensionless parameters are within the experimental ranges.
In addition to the Reynolds (Re) and Froude numbers (F r), our elastic-fiber-fluid problem (fiber neutrally buoyant in fluid) has a few other non-dimensional parameters. They are the dimensionless fiber flexure modulus (K b ), dimensionless fiber length (L), and the dimensionless compression/stretching coefficient (K s ). See Table 2 for their definitions and values used in our simulations. In general it is expected that the vortex shedding and drag-coefficient is an outcome of the interplay of these dimensionless quantities.
The fiber physical compression/stretching coefficient K s was chosen such that the fiber was almost inextensible in all simulations: the relative increase and decrease in fiber length was less than 0.25%. Even thoughK s varied with V 0 and L, we assumed that the influence of K s on the fluid-fiber problem was not important because it was very large in each case. The fiber mass density has been found to play no important role in the fiber drag-coefficient (Zhu & Peskin 2007) . Therefore the fiber was assumed to be neutrally buoyant in the fluid. Also no significant influence of the Froude number F r on the vortex shedding and fiber drag was expected. Therefore, the influence ofK s and F r on vortex shedding shall not be discussed, and only those of Reynolds number, dimensionless flexure modulus and dimensionless fiber length will be addressed explicitly. Table 2 : Non-dimensional parameters used in the simulations. For the meanings of the symbols used in the definition of the non-dimensional parameters, see Table 1 .
The instantaneous drag (D) the fiber experiences is computed the same way as in Zhu
. HereD is the time-averaged drag which is computed over N equally spaced instants between time T qs and T e . Here T qs is some time after the initial transition dies out and the fiber reaches a small-amplitude oscillation state ("quasi-steady" state for shorthand). T qs = 10 for this work. The simulation terminal time T e and the time spacing between two neighboring instantaneous drag computations T s are chosen arbitrarily.
In this work T s = 0.05, and T e = 24 − 30.
The remainder of this section is structured as follows. First the influence of Re on vortex shedding and drag-coefficient is discussed. Then follows the influence ofK b . The third part addresses the influence of the dimensionless fiber length.
Influence of Reynolds number
To investigate the influence of Re, a series of simulations with different kinematic viscosity seems that the increase of shape drag is well offset by the decrease of friction drag as Re increases in the range (200, 800). When Re gets sufficiently small, the increase of friction drag comes to dominate and thus causes a significant increase in the drag-coefficient.
A critical Reynolds number Re c for vortex shedding is defined as the Re at which the steady wake becomes unstable (sustained wake oscillation begins) after the initial transition period. 
It was found that

Influence of dimensionless fiber length
To study the influence of the dimensionless fiber length on vortex shedding, a group of simulations with different channel width W were performed. W ranged from 2 to 9 cm.
All the other dimensional parameters were kept the same for all simulations in the group: L = 1.6 cm, V 0 = 200 cm/s, ν = 2.1333 cm 2 /s, K b = 0.25 erg · cm. The four typical cases are depicted in Fig. 9 . The dimensionless fiber lengthL for these four cases was 0.1778, 0.4, 0.6 and 0.8. The corresponding Reynolds number was 150, the dimensionless flexure modulus was 0.005086, the F r was 25.51, and theK s was 1.25 × 10 7 . is interesting to notice that the averaged drag-coefficient (after T qs ) is an increasing function of the dimensionless fiber length. One may expect that as W decreases (i.e.L increases), the fiber becomes more aligned and streamlined with the main flow, thus the drag should somehow decrease gradually in this case (notice Re is constant). However our simulation result suggests the opposite which may be explained as follows: asL increases, the boundary layers on the channel entry portion (above the tethered point of the fiber) on the two side walls have almost the same thickness (see Fig. 9 ). Therefore the percentage of the boundary layers' thickness with respect to the channel width increases, and the percentage of the channel width available to the freely flowing fluid (outside the boundary layers) decreases. Because the inlet flow speed is the same, the oncoming flow towards the fiber possesses a greater "effective speed" than the inlet speed. Hence the fiber experiences more drag asL increases. This effect seems to reach a maximum whenL reaches approximately 0.6. After that the C d −L curve levels off. This explains as well why the fiber gets more aligned with the mainstream flow asL increases, as shown in the bottom panel of Fig. 9 . The current Navier-Stokes solver used in the IB method is not accurate for very high Re flows. At this point we cannot confirm this conjecture. However, this phenomenon seems to be counter-intuitive and may deserve further research.
According to our simulations at lower Re, the fiber-fluid problem becomes unsteady when vortex shedding occurs, and the fiber vibration range increases with Re. In the work by 3 The η is defined as However, no quantitative relationship between the frequency and vortex shedding frequency was found neither for these cases. One such example is given below. Fig. 15 shows the results for a simulation with a 3.3 cm fiber with bending modulus 2. 
